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ABSTRACT: Nutrients supplied from submarine groundwater discharge (SGD) are generally
thought to enhance primary production in coastal seas. However, there is little evidence for a
direct association between SGD and phytoplankton primary productivity. To elucidate the
response of in situ primary productivity to SGD, we conducted comparative experiments at 3
coastal sites in Japan with different SGD types (Site A: Obama Bay; Site B: coast along the western
foot of Mt. Chokai; Site C: Beppu Bay) during the summers of 2013−2015. At Site A, which is characterized by seepage-type SGD, we found a significant positive relationship between in situ primary productivity and 222Rn concentration. This was likely driven by nutrient-limited water column conditions. On the other hand, at the volcanic coastal Sites B and C, which are dominated by
spring-type SGD, no clear relationships between in situ primary productivity and 222Rn concentration were found. Although significant relationships between nutrient concentrations and 222Rn
concentration suggest that SGD acts as a primary nutrient source in these regions, the non-trivial
influence of light availability complicates those relationships. Furthermore, lower biomass-specific primary productivity around submarine springs at both sites suggests that submarine springs
have negative impacts on phytoplankton growth rates around vent sites, possibly due to changes
in local environmental conditions. Our study clarified that the mechanism by which SGD affects
phytoplankton production differs from one ecosystem to another because of variable hydrogeographical properties, such as the type of groundwater discharge (i.e. spring or seepage).
KEY WORDS: In situ primary productivity · Submarine groundwater discharge · 222Rn

INTRODUCTION
Trophic transfer of energy and essential biochemicals from phytoplankton biomass supports organisms
of higher trophic levels in marine ecosystems. In
coastal seas, terrestrial river runoff is one of the most
important nutrient pathways sustaining phytoplankton primary production. However, groundwater is
*Corresponding author: sugiryo@fpu.ac.jp

now recognized as an indispensable nutrient pathway from land to coastal seas (Burnett et al. 2006).
Groundwater may play a significant role in coastal
ecosystems despite the small water volume, because
nutrient concentrations in groundwater are generally
higher than in coastal waters (Valiela et al. 1990,
Slomp & Van Cappellen 2004). In some coastal locations, nutrient loading associated with groundwater
© The authors 2017. Open Access under Creative Commons by
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discharge is greater than that delivered by rivers
(Valiela et al. 1992, Kim et al. 2005, Sugimoto et al.
2016).
The biological effects of nutrient inputs depend on
their magnitudes as well as how and where the nutrients are supplied. Along nearshore coasts, nutrients
delivered from submarine groundwater discharge
(SGD) can have significant ecological impacts (Johannes 1980). Several studies have shown that nutrients transported via SGD are related to benthic and
water-column primary production (Gobler & SañudoWilhelmy 2001, Waska & Kim 2011, Su et al. 2014).
Nutrient addition bioassay experiments also support
that SGD acts as a continual source of nutrients (Gob-

ler & Boneillo 2003, Lecher et al. 2015). However,
there is little evidence for a direct association
between SGD and in situ primary productivity.
Moreover, its association may differ according to the
type of groundwater discharge, because submarine
seepage may be even more important volumetrically
than submarine springs (Cable et al. 1996, Taniguchi
et al. 2002).
In this study, we conducted field experiments at 3
coastal sites along the Japanese archipelago with different types of SGD (Site A: Obama Bay; Site B: the
coast along the western foot of Mt. Chokai; and Site
C: Beppu Bay; Fig. 1) to elucidate the influence of
SGD on in situ phytoplankton primary productivity.

Fig. 1. Maps of the study areas with 222Rn concentration plots in surface waters (depth 0.5−1.0 m from the surface). Field experiments for in situ primary productivity were conducted at (A) 6 stations within Obama Bay (Stns O1−O6), (B) 4 stations along
the coast off the western foot of Mt. Chokai (Stns Y1−Y4), and (C) 6 stations along the coast of northern Beppu Bay (Stns
H1−H6). 222Rn concentrations in surface waters were continuously monitored along the coast of Obama Bay, the coastal area
off Mt. Chokai, and the northern coast of Beppu Bay
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First, we conducted continuous 222Rn measurements
at nearshore coasts to estimate the spatial variability
in groundwater inputs. Radon and radium isotopes
are generally used as natural tracers of SGD. Since
they present an integrated signal as they enter the
water column via SGD, their inventories can be used
to estimate SGD rates (Burnett et al. 2006). In particular, 222Rn, with a half-life of ~3.8 d, is useful for identifying spatial variability in SGD environments in
coastal seas where water residence time is short. We
also compared in situ primary productivity at locations with different 222Rn concentrations along each
coast during the summer. Since phytoplankton primary productivity in coastal seas is generally determined by temperature and light availability as well
as nutrient concentrations, we evaluated these limiting factors simultaneously during the incubation
period.
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Kamaiso Bay (Stn Y2, Fig. 1B) was estimated to be
38.9 × 10−2 m3 m−2 d−1, with a maximum value of 218
× 10−2 m3 m−2 d−1 (Hosono et al. 2012). Maximum
contributions of fresh groundwater to SGD fluxes
reached 20% (K. Ikuta et al. unpubl.). Hosono et al.
(2012) suggested that the SGD rate in Mega Bay
(Stn Y4, Fig 1B) was considerably higher than that in
Kamaiso Bay.
The Kanagoe volcano group is a small Quaternary
composite volcano with the highest peak at 623 m,
which is mainly comprised of pyroxene andesite
(Fig. 1C). An alluvial fan and coast terrace are
formed on the southeastern foot of this volcano. Several fresh submarine springs emerge from the rocky
seabed along the nearshore coast of the Kanagoe volcano group in the northern part of Beppu Bay (Site C)
Kono & Tagawa 1996, Yamada et al. 2016). Although
the SGD rate remains unclear, its magnitude is likely
less than that at Site B.

MATERIALS AND METHODS
Field experiments
Study sites
Obama Bay (Site A) is a semi-enclosed embayment
in central Japan (Fig. 1A). The Kita and Minami
rivers empty into the eastern part of the bay;
together, their watersheds encompass 72% of the
bay’s total watershed. Mean river discharge of both
rivers is approx. 10 m3 s−1 (Sugimoto & Tsuboi 2016).
Within the watershed, there are significant groundwater resources on the alluvial plain. A recent study
of the whole bay estimated that the percentage of
SGD of the total terrestrial flux was highest (> 40%)
during the summer, although SGD rates exhibited
high intra-annual variability, with an average of 0.62
× 10−2 m3 m−2 d−1 (Sugimoto et al. 2016). In the eastern part of the bay, diffuse seepage along the shoreline and submarine seepage dominate the nutrient
fluxes in nearshore coasts. The average SGD rate in
this area is 8.3 × 10−2 m3 m−2 d−1, with a spatiotemporal variability of 0.8 to 22.2 × 10−2 m3 m−2 d−1. Fresh
groundwater contributions to SGD fluxes are less
than 6.3% (S. Kobayashi et al. unpubl.).
The Quaternary Chokai volcano is the highest
peak in northern Japan (2236 m; Fig. 1B). Surface
river water discharges are absent along the coastal
area off the western foot of the mountain (Site B),
except for along the southern edge. The topography
of this coast is formed by andesitic lava flows that are
oriented toward the sea (Hayashi & Yamamoto 2008).
Abundant freshwater submarine springs are present
along this coastal area. The average SGD rate at

To determine the locations of the stations to be
used for the in situ incubation experiments, we continuously monitored 222Rn concentration in surface
waters (depth 0.5−1.0 m) at Site A on 13, 15, and 16
March 2013, at Site B on 7 June 2014, and at Site C
on 26, 27, and 28 May 2014 (Fig. 1). We employed a
multi-detector method (Dulaiova et al. 2005) using 3
radon detectors (RAD7, Durridge) at Site A and a
dual-loop method (Dimova et al. 2009) at Sites B and
C using one RAD7. The count uncertainties of the
methods were < 30%.
We then conducted comparative in situ primary
productivity experiments at different 222Rn concentration stations in summer. At Site A, we conducted
the field experiments at 6 stations (depth 1.5−5 m)
within the eastern part of the bay (Fig. 1A) on 26 July
and 29 August, 2013 using a small boat. At Site B,
experiments were conducted at 4 stations (depth
< 2.0 m) accessible from land on 10 June and 17 July
2014 (Fig. 1B). At Site C, experiments were conducted at 6 stations (depth 1.5−3.5 m) along the volcanic coast of Beppu Bay using a small boat on 29
July 2015 (Fig. 1C). The primary vents of submarine
springs were around Stns Y2, Y4, and H3.
At each station, bottom water (50 or 20 cm above
the floor) samples were collected using a 6 l Van
Dorn water sampler or a submersible pump and
transferred to 2 l polypropylene (PP) and three 1 l
polycarbonate (PC) incubation bottles. After adding
NaH13CO3 to 3 PC incubation bottles (~10% of the
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total inorganic carbon in ambient water), all bottles
were incubated immediately for 2−4 h at each sampling depth (see Table 1). The incubations at each
station were conducted simultaneously from 10:00 to
14:00 h. During the incubations, photon flux was
measured at 10 min intervals using a photon logger
(DEFI-L, JFE Advantech) at the same depth of each
incubation bottle, and the data was averaged. For
222
Rn measurements, 3.5 l glass bottles or 7.0 l highdensity polyethylene bottles were filled and then
sealed immediately to avoid gas loss. The residual
water was filtered immediately for nutrient measurements.
In the laboratory, 100 ml samples from the 2 l PP
bottles were filtered through pre-combusted glassfiber filters (25 mm in diameter, Whatman GF/F). The
filters were soaked separately in 5 ml N, N-dimethylformamide for subsequent chlorophyll a (chl a)
analyses. Residual water samples in the PP bottles
and 3 PC bottles were filtered through the Whatman
GF/F filters and stored individually in glass vials at
−30°C until subsequent isotope analysis.

Chemical analysis
Filters for natural and tracer 13C analyses were
stored overnight in individual desiccators using HCl
fumes to remove the inorganic carbon. The δ13C values of natural particulate organic matter were measured using a mass spectrometer (Delta V Advantage,
Thermo Fisher Scientific) and an elemental analyzer
(Flash EA 1112, Thermo Fisher Scientific) and
expressed in conventional delta notation (‰) relative
to the Vienna PeeDee Belemnite standard. The reproducibility of δ13C exceeded ± 0.2 ‰. The enriched
13
C GF/F filters were analyzed using the Elementar
Vario EL Cube or Micro Cube elemental analyzer
(Elementar Analysensysteme) interfaced with the
PDZ Europa 20-20 isotope ratio mass spectrometer
(Sercon) at the University of California-Davis Stable
Isotope Facility. Primary production was calculated
according to Hama et al. (1983).
222
Rn concentration was measured according to
Sugimoto et al. (2016). Briefly, sample bottles were
aerated for 45 min at a room temperature, and then
the equilibrated air in a closed air loop was measured
by the RAD7 with at least 6 runs of 15 min. The
decay effect was corrected using the decay constant
(0.181 d−1) and time elapsed after collection. The
chl a concentration was quantified using a calibrated
fluorometer (Trilogy, Turner Design). Concentrations
of dissolved nitrate, nitrite, phosphate, and silicate

were measured using an autoanalyzer (QuAAtro,
BLTEC). The ammonium concentration was measured fluorometrically using the ortho-phthaldialdehyde method (Holmes et al. 1999) with the Trilogy
fluorometer. We defined dissolved inorganic nitrogen (DIN) as the sum of nitrate, nitrite, and ammonium concentrations.

Evaluation of limiting factors
Limiting factors of in situ primary production can
be evaluated using the equations of Steele (1962)
for temperature (FT) and light intensity (FI) and the
Michaelis-Menten equation for nutrients (FN) as
follows:
FT = T/Topt × exp(1 − T/Topt)

(1)

FI = I/I opt × exp(1 − I/I opt)

(2)

FN = min[DIN/(KN + DIN), DIP/(KP + DIP)]

(3)

where Topt (25°C) and Iopt (419 µmol m−2 s−1) are the
optimum temperature and light for phytoplankton
growth, respectively. KN (1.7 µM) and KP (0.19 µM)
represent the half-saturation constants for DIN and
dissolved inorganic phosphate (DIP), respectively.
The above parameters were obtained from studies
conducted on Japanese coasts (Yanagi & Onitsuka
1999, Sugimoto et al. 2010). T, I, DIN, and DIP were
based on observed temperature, light intensity, DIN,
and DIP values at each station, respectively.

RESULTS
Site A: Eastern part of Obama Bay
The 222Rn concentration showed spatial variations
from 28 to 100 Bq m−3 in July 2013 and from 13 to
90 Bq m−3 in August 2013 (Fig. 2A). Higher concentrations were measured at Stns O2 and O3. There
was no clear spatial difference in salinity in July
(32.4−32.9 psu), but salinity in August was considerably lower at Stn O3 (30.5 psu) than at the other stations (31.5−31.8 psu) (Table 1). The spatial variability
in water temperature during both months was low
(27.6−29.0°C in July and 29.1−30.3°C in August). In
situ primary productivity ranged from 11.0 to 49.5 µg
C l−1 h−1 in July and from 9.3 to 32.4 µg C l−1 h−1 in
August 2013 (Fig. 2B). In situ primary productivity
was correlated significantly with 222Rn concentration
(r = 0.778, p = 0.003, Fig. 3A). The concentrations of
DIP and dissolved silicate (DSi) also showed signifi-
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spring sites (Stns Y1 and Y3) during
both months (Table 1). In situ primary
productivity ranged from 0.8 to 5.2 µg
C l−1 h−1 in June 2014 and from 1.8 to
11.8 in µg C l−1 h−1 in July 2014
(Fig. 2B), whereas there was no significant relationship between in situ primary productivity and 222Rn concentration (r = 0.323, p = 0.436; Fig. 3A).
The highest values during each month
were documented at Stn Y1 near the
river mouth. The concentrations of
DIN, DIP, and DSi were correlated
positively with 222Rn concentration (r
> 0.81, p < 0.02; Fig. 3B−D). Although
FN showed the lowest values compared to other limitation factors, submarine springs mitigated the nutrient
limitation at Stns Y2 and Y4 (Fig. 2C).

Site C: Northern part of Beppu Bay
In July 2015, 222Rn concentration
along the northern coast of Beppu
Bay ranged from 60 to 187 Bq m−3
(Fig. 2A). The maximum concentration was observed at Stn H3 near submarine springs. Salinity was lowest at
222
Fig. 2. (A) Rn concentration, (B) in situ primary productivity and (C) limita222
Stn H3 (26.2 psu, Table 1), although
tion factors at each site. Error bars are standard deviations of repeated Rn
measurements and triplicate samples of in situ primary productivity. FT = limithere was no significant relationship
tation factor for temperature, FI = limitation factor for light and FN = limitation
between 222Rn concentration and safactor for nutrients. Grey lines are standard deviations for light. Closed and
linity. The spatial variability in water
open symbols at Site A are July and August 2013, respectively. Open and
temperature was low (27.6−28.4°C).
closed symbols at Site B are June and July 2014, respectively
In situ primary productivity ranged
from 10.7 to 38.4 µg C l−1 h−1, but
222
cant relationships with Rn concentration (r > 0.66,
there was no clear relationship between 222Rn and in
p < 0.02, Fig. 3C,D), whereas no significant relationsitu primary productivity (r = 0.304, p = 0.558; Fig.
ship between 222Rn and the DIN concentration was
3A). On the other hand, significant linear relationobserved (r = 0.572, p = 0.052, Fig. 3B). FN values
ships were observed between 222Rn concentration
were lower than the other 2 factors, although FN at
and both DIN and DIP concentrations (r > 0.90, p <
Stn O3 in July 2013 increased to 0.68 (Fig. 2C).
0.02; Fig. 3B,C), but not the DSi concentration (r =
0.785, p = 0.064; Fig. 3D). The values of FN at Stns H2,
H3 and H4 were similar to those of FI (Fig. 2C).
Site B: Coastal region of Mt. Chokai
The 222Rn concentrations at Stns Y2 and Y4 near
submarine springs were markedly high (1320−
7410 Bq m−3), whereas those at the other stations
were much lower (<130 Bq m−3; Fig. 2A). Moreover,
we observed noticeable decreases in water temperature (~3°C) and salinity (~3 psu) around the submarine springs (Stns Y2 and Y4) compared with no-

DISCUSSION
Primary productivity is the product of phytoplankton biomass and phytoplankton growth rate. The former is regulated by import, export, mortality, nutrient
supply, and growth rate, while the latter is regulated
by light, temperature, and nutrient concentrations
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Table 1. Summary of environmental parameters and in situ primary productivity (PP). Uncertainties of 222Rn, photon flux
and PP are based on the standard deviation for repeated measurements, 10 min interval measurments and triplicate samples,
respectively. DIN: dissolved inorganic nitrogen; DIP: dissolved inorganic phosphate; DSi: dissolved silicate
222
Rn
(Bq m−3)

Photon flux
(µmol m−2 s−1)

Site A: 26 July 2013
O1
4.8 (5.3)
O2
3.0 (3.5)
O3
1.7 (2.2)
O4
3.2 (3.7)
O5
3.3 (3.8)
O6
1.5 (2.0)

28 ± 1
100 ± 18
83 ± 18
67 ± 18
33 ± 13
35 ± 7

506 ± 106
493 ± 75
564 ± 98
344 ± 120
416 ± 30
718 ± 189

27.8
28.2
28.6
28.1
27.6
29.0

Site A: 29 August 2013
O1
4.7 (5.2)
O2
2.9 (3.4)
O3
1.0 (1.5)
O4
3.2 (3.7)
O5
3.3 (3.8)
O6
2.2 (2.7)

13 ± 7
50 ± 10
90 ± 20
47 ± 17
35 ± 12
33 ± 15

224 ± 192
377 ± 154
707 ± 326
320 ± 106
–
491 ± 153

Site B: 10 June 2014
Y1
1.5 (2.0)
Y2
0.4 (0.6)
Y3
0.6 (1.1)
Y4
0.4 (0.6)

37 ± 13
2180 ± 33
77 ± 15
3950 ± 240

42 ± 38
254 ± 95
91 ± 25
202 ± 70

Site B: 17 July 2014
Y1
1.2 (1.7)
Y2
0.4 (0.6)
Y3
0.6 (0.8)
Y4
0.3 (0.5)

13 ± 10
530 ± 228
1320 ± 300 189 ± 113
125 ± 43 1110 ± 320
7410 ± 570 262 ± 122

Stn

Incubation depth
(water depth) (m)

Site C: 29 July 2015
H1
1.8 (2.3)
H2
1.0 (1.5)
H3
3.0 (3.5)
H4
1.5 (2.0)
H5
2.5 (3.0)
H6
1.5 (2.0)

60 ± 25
92 ± 25
187 ± 40
95 ± 30
75 ± 23
68 ± 23

476 ± 192
850 ± 389
895 ± 292
721 ± 351
891 ± 347
842 ± 545

Temp. Salinity
(°C)

Chl a
PP
(µg l−1) (µg C l−1 h−1)

DIN
(µM)

DIP
(µM)

DSi
(µM)

32.8
32.9
32.8
32.9
32.9
32.4

0.06
1.05
3.59
1.17
0.41
1.38

< 0.05
0.47
0.84
0.39
0.07
< 0.05

20.85
33.82
41.47
26.88
20.24
6.01

4.2
8.8
9.9
8.3
5.3
2.8

12.1 ± 1.4
30.2 ± 2.8
49.5 ± 1.0
19.3 ± 1.2
15.4 ± 1.0
11.0 ± 0.8

29.1
30.2
29.7
30.3
30.0
29.7

31.5
31.8
30.5
31.8
31.8
31.7

0.25
0.07
0.90
0.75
0.07
0.12

< 0.05
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

1.43
12.34
19.13
9.02
14.03
7.28

2.6
12.9
3.9
12.1
6.4
4.8

9.3 ± 0.3
24.1 ± 1.5
32.4 ± 1.3
25.9 ± 1.9
16.6 ± 0.6
24.7 ± 1.5

19.8
19.2
20.2
19.0

33.9
30.7
33.3
30.1

0.06
2.68
0.98
6.77

< 0.05
< 0.05
< 0.05
0.16

0.50
2.18
0.48
2.65

1.9
7.2
1.3
2.5

5.2 ± 1.8
2.0 ± 1.5
0.8 ± 0.2
2.3 ± 0.3

24.8
22.0
24.4
22.2

31.3
26.5
30.9
26.9

0.51
11.61
1.35
14.94

< 0.05
0.14
< 0.05
0.27

< 0.1
2.31
0.67
2.80

2.0
3.4
0.8
6.2

11.8 ± 2.0
5.1 ± 1.1
1.8 ± 0.2
2.3 ± 0.3

27.8
28.4
27.6
27.7
28.0
27.8

28.5
27.1
26.2
27.7
29.5
30.3

0.91
9.80
14.71
7.15
1.38
0.90

0.27
0.56
0.81
0.44
0.21
0.15

1.47
3.46
3.67
2.34
1.58
0.99

7.2
9.1
5.8
3.5
7.2
2.6

20.5 ± 0.7
38.4 ± 1.2
11.7 ± 0.2
17.5 ± 1.0
27.2 ± 0.9
10.7 ± 0.4

(Cloern et al. 2014). At Site A, the spatial pattern of in
situ primary productivity corresponded to that of
222
Rn concentration (Fig. 3A). The maximum rates of
phytoplankton primary production at Stn O3 (49.5 µg
C l−1 h−1 in July and 32.4 µg C l−1 h−1 in August),
where 222Rn was highest, were roughly 4-fold higher
than those at Stn O1, where 222Rn concentration was
lowest (Fig. 2B). These values exceeded the in situ
primary productivity observed at the Seto Inland Sea,
Japan (0.4−32.1 µg C l−1 h−1; Tada et al. 1998), which
is a eutrophic region with frequent summertime red
tide events. Moreover, biomass-specific primary productivity (PB, µg C µg chl a−1 h−1) at Stn O3 was highest in July and August (5.0 and 8.3 µg C µg−1 chl a−1
h−1, respectively), whereas PB values at other stations
were < 5 µg C µg chl a−1 h−1 (Fig. 4). This suggests that
the high phytoplankton growth rate resulted in
higher primary productivity. Considering that the

phytoplankton growth rate was limited primarily by
nutrient concentrations (FN < 0.68 and < 0.05 in July
and August 2013, respectively; Fig. 2C), nutrient supply via SGD would likely enhance primary productivity. The lack of a linear relationship between 222Rn
concentration and the DIN concentration, in contrast
to DIP and DSi concentrations (Fig. 3), suggests that
nutrients delivered through submarine groundwater
seepage may be assimilated instantaneously by
phytoplankton under nitrogen-limited conditions.
However, a non-negligible positive relationship between photon flux and PB values (r = 0.671, p = 0.024)
complicated the potential importance of light irradiance on in situ primary productivity. Further study is
needed to resolve the irradiance issue.
Volcanic mountain coastlines worldwide have a
high potential for SGD (Kim et al. 2003, Hwang et al.
2005). At the nearshore coasts adjacent to Mt. Chokai
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(Site B) and Mt. Kanagoe (Site C), spatial patterns of nutrient concentrations
corresponded to those of 222Rn concentration (Fig. 3B–D). These findings indicate that SGD provides a significant
source of allochthonous nutrients into
coastal waters. Therefore, SGD appears to play a role in driving phytoplankton production. However, spatial
patterns of in situ primary productivity
in these areas could not be determined
by SGD nutrient contributions (Fig.
3A). Although this was due partly to
the nontrivial influences of light availability (FI = 0.25−0.97 and 0.69−0.99 at
Sites B and C, respectively) as well as
nutrient concentrations (FN = 0.01−
0.59 and 0.35−0.81 at Sites B and C, respectively; Fig. 2C), the difference in
hydrographic properties (i.e. submarine springs) may also be related to
this unexpected result.
At Site B, SGD mitigated nutrientlimited conditions at the stations
around submarine springs, but nutriFig. 3. 222Rn concentration vs. (A) in situ primary productivity, (B) DIN concenent concentrations were the primary
trations, (C) DIP concentrations, and (D) DSi concentrations at each site. Refactor limiting phytoplankton growth
gression lines show significant relationships (p < 0.05)
rates (Fig. 2C). Hosono et al. (2012)
noted that SGD at Site B provides a
favorable nutrient balance for phytoplankton uptake
because the Redfield ratio is closer to the DIN:DIP
ratio in groundwater (16.6) than in river water (33.3).
However, we did not find a positive association
between SGD and in situ primary productivity (Fig.
3A), and the lower PB values around submarine
springs relative to the other stations (Fig. 4) suggested lower phytoplankton growth rates. Note that
the SGD rates at Stn Y2 reached roughly 200 × 10−2
m3 m−2 d−1 (Hosono et al. 2012) and fresh groundwater contributed about 20% of the SGD (K. Ikuta
unpubl.). Furthermore, the SGD rate at Stn Y4 was
more significant (~310 × 10−2 m3 m−2 d−1, Hosono et
al. 2012). These estimates suggest that this location is
characterized by a SGD rate which is much higher
than in many other areas of the world (Taniguchi et
al. 2002). The high SGD rates altered water temperature and salinity at Stns Y2 and Y4 considerably,
compared to low SGD sites (Stns Y1 and Y3) (Table
1). Drastic changes in the water column conditions
Fig. 4. Relationship between chl a concentrations and in situ
driven by fresh SGD may be an unfavorable condiprimary productivity at each site. Solid lines are biomasstion for phytoplankton primary production. Further
−1
−1
specific primary productivity (P B, µg C µg Chl a h ).
study is needed to elucidate local impacts of submaDashed enclosure represents stations around submarine
rine springs on phytoplankton production.
springs at Sites B and C (Stns Y2, Y4, and H3)
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In comparison, at Site C, the in situ primary productivity and PB values were lower around the submarine springs at Stn H3 (11.7 µg C l−1 h−1 and 2.0 µg
C µg chl a−1 h−1, respectively) than at the surrounding
stations, Stns H2 and H4 (17.5−38.4 µg C l−1 h−1 and
4.2−5.0 µg C µg chl a−1 h−1, respectively) (Figs. 2B &
4). Because the FN and FI values at Stn H3 were similar to those at Stns H2 and H4 (Fig. 2C), the lower PB
value at Stn H3 does not seem to be affected by low
light intensity or low nutrient concentrations.
Freshwater input via rivers functions as both a
nutrient source that promotes phytoplankton growth
rates and a transport process that can prevent phytoplankton accumulation within estuaries (Cloern et al.
2014). In some estuaries, the maximum phytoplankton biomass is associated with older water masses
(approx. 10 d of age or flushing times; Peierls et al.
2012, Tomasky-Holmes et al. 2013), while abundant
nitrate is found under optimum flushing times
(Peierls et al. 2012). Our findings suggest that nutrients delivered via submarine springs are not used
efficiently by phytoplankton, possibly due to lower
residence times. The link among 222Rn, in situ primary productivity, and the flushing time must be
clarified in future studies.
In conclusion, our comparative and simultaneous
experimental studies provide clear and unprecedented evidence for a direct association between
SGD and coastal primary production, despite limitations associated with the sampling design (i.e. limited
sampling times and lack of SGD rate and nutrient
flux measurements). The mechanisms by which SGD
affects phytoplankton production differ from one
ecosystem to another depending on hydrogeographical properties, such as type of groundwater discharge (i.e. spring or seepage), and are complex and
difficult to distinguish. Compared with the rapid
nutrient supply afforded by submarine springs, nutrients delivered via submarine groundwater seepage
may be efficiently used by phytoplankton in nearshore coasts. These findings represent an important
step toward clarifying the ecological importance of
SGD. More extensive studies coupled with kinetic
and quantitative indices of phytoplankton production
and SGD, as well as nutrient bioassay experiments,
are needed to confirm the influence of nutrient transport via SGD on primary production.
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